Abstract-We present an evaluation of two different configurations of the ALPAO 97-actuator membrane magnetic deformable mirror for wavefront correction, using either 7 or 9 actuators across the eye pupil. These tests included monitoring of aberration correction for a human subject. This AO-sub system is part of the UC Davis high-resolution human retinal imaging adaptive optics -optical coherence tomography (AO-OCT) instrument. AO-OCT allows the three-dimensional (3D) visualization of different retinal structures in vivo with high volumetric resolution (3x3x3μm 3 ).
The combination of adaptive optics (AO) with any retinal imaging technique allows for improved lateral, and in the case of the confocal scanning laser ophthalmoscope (cSLO) and fundus camera, also axial resolution. The AO-OCT instrument at UC Davis has been under development for several years, and has demonstrated the utility of this technology for microscopic, volumetric, in vivo retinal imaging [1] - [3] . In our adaptive optics system a Hartmann-Shack wavefront sensor and a deformable mirror operate in a closed loop. This approach, to improve the transverse resolution for retinal imaging by correction of the eye's static and dynamic aberrations, has been demonstrated first in standard AO-fundus cameras [4] followed by AO-SLO [5] . The latter modality allows realtime observation of microscopic retinal structures in human eyes, including the photoreceptor cone mosaic, nerve fiber layer and microscopic blood flow in capillaries. Due to the limited axial resolution of these systems, however, they cannot be used to image other retinal layers or to create detailed 3D reconstructions of retinal volumes, a key advantage associated with OCT imaging [6] - [8] .
As previously reported, the initial configuration of the UC Davis AO sub-system used a 35-actuator AOptix bimorph deformable mirror (DM) for low-order, high-* E-mail: rjzawadzki@ucdavis.edu stroke correction [9] and a 140-actuator Boston Micromachines MEMS DM for high-order correction. The performance of the AO-subsystem of this instrument was previously evaluated and the results were presented by Evans et al. [10] . Later we replaced this configuration with a single novel membrane magnetic deformable mirror with increased stroke and actuator count. Initially, we implemented a configuration that used only the center 10.5 mm diameter of the DM for wavefront correction, equivalent to 69-actuators of the ALPAO membrane magnetic deformable mirror [3] (7 actuators across the eye pupil). In that configuration both the AOptix and MEMS DM's were removed from the system. A flat mirror was placed at the MEMS DM position and the ALPAO DM was placed at the AOptix position. Figure 1 shows the schematic of our AO system using two vs. one deformable mirror. Note that all the other components remained the same.
This simple swap of the deformable mirrors, without changes in any other optical components, as shown in Fig.  1 , resulted in non-optimal use of that DM. Recently, we have upgraded elements of our sample arm optics to accommodate a larger diameter of the ALPAO DM (13.5 mm) and to allow utilization of the whole reflecting Performance of a 97-element ALPAO membrane magnetic deformable mirror in an adaptive optics -optical coherence tomography system for in vivo imaging of the human retina Figure 2 shows images of a subject's pupil scaled to the actuator geometry for the two configurations of DM used in our AO system. Fig. 2 . Comparison of the eye pupil size imaged to the ALPAO DM surface for two configurations tested in this paper. The grey area represents the mirror surface. Left: configuration using 69-elements of the ALPAO DM; Right: configuration using 97-elements of the ALPAO DM. The mirror size conjugate to the subject's eye pupil (diameter 6.75 mm) is marked by the red dashed circle on each DM and equals 10.5 mm and 13.5 mm, respectively.
The AO-OCT system used for the experiments presented in this paper occupies 1.5x2m of a standard laboratory optical table. The sample arm utilizes a Hartmann-Shack wavefront sensor and a single 97-actuator ALPAO membrane magnetic deformable mirror. The same light source is used for both OCT and Hartmann-Shack wavefront sensing, allowing simultaneous operation of AO and OCT. Two independent PCs are used, one for the AO control subsystem and one for the OCT sub system. A bite-bar and forehead-rest assembly was mounted on a motorized X-Y-Z translation stage to permit precise positioning of the subject's eye. Our Hartmann-Shack wavefront sensor uses a 20x20 lenslet array with 500 µm pitch and 30 mm focal length. The 284 lenslets from the array were used to sample the wavefront at an ~18 Hz frame rate synchronized to the OCT system frame rate. Our AO control software allows the focus of the AO-OCT beam to be placed onto any retinal structures of interest while still correcting higher-order aberrations. The system operator determines the axial layer of interest by adding a preset defocus to the WFS centroids reference file. An image from the wavefront sensor is used to monitor the position of the eye's pupil while fixation is directed to an external target to minimize head and eye motion and to allow precise imaging of different retinal eccentricities. To ensure the maximum pupil size and minimize fluctuations in accommodation, the subject's eye is dilated and cyclopleged with 2.5% Phenylephrine and 1% Tropicamide. To test the system performance we monitored the AO-system during wavefront measurement and correction for the human eye in vivo. These experiments confirmed the system's ability to correct lowand high-order aberrations. The next two figures summarize the performance of the AO system in the first configuration with 7 actuators across the pupil Figure 2 shows an example of the total reconstructed wavefront RMS error before and during AO correction as well as a 3D representation of the wavefront. The next two figures summarize the performance of the AO system in the second configuration, with 9 actuators across the pupil. Figure 5 shows the total reconstructed wavefront RMS error before and during AO correction as well as a 3D representation of the wavefront acquired from the same subject presented in Figures 3 and 4 . Other details as in Figure 3 . Figure 6 shows example traces and 3D visualization of the reconstructed PSF before and during AO correction for the same DM configuration (with 9 actuators across pupil) using the data shown in Figure 5 . As can be seen, both configurations of the AO system can significantly compensate for aberrations and maintain a low RMS wavefront error during its closed-loop operation. However, as expected, the configuration with 9 actuators across the eye pupil achieved better wavefront correction. The ability to correct the wavefront error in real time, while imaging, allows compensation of the eye's temporal aberration fluctuations. To better estimate the performance of both configurations, the Zernike representation of the reconstructed wavefront was calculated and analyzed. Figure 7 shows the Zernike coefficients associated with the wavefront presented for both configurations in Figures 3 and 5 .
Note that a clear reduction in the low-order and highorder aberration modes was observed. Adaptive optics using a single deformable mirror with increased stroke and actuator count offers a good compromise if compared with our two DM (woofer-tweeter) configuration. It allows for more compact optical design and simplifies AO control software. The performance of the novel membrane magnetic deformable mirror should be sufficient to correct aberrations of most subjects to successfully achieve cellular resolution retinal imaging [11] - [12] .
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